A distributed Bragg reflector (DBR) is an important element widely used in optics[@b1][@b2][@b3][@b4][@b5], photonics[@b6][@b7][@b8], solar cells[@b9], and other fields. It attracts plenty of attention due to its high tunability and extensibility, which can be enhanced by introducing additional structures, for example, defects and gratings. The most important applications of the DBR are optical switches[@b10][@b11], lasers[@b12][@b13][@b14], sensors[@b15], couplers[@b3], and narrow-band filters[@b2][@b4][@b16]. Narrow-band filters can be realized by a semiconductor microcavity that consists of two DBRs and one cavity layer[@b17][@b18]. When the cavity layer is thick enough, the transmission of the semiconductor microcavity is comb-like with the peak separation being roughly inversely proportional to the thickness, namely, the distance between the two DBRs[@b4]. In this case, the semiconductor microcavity can serve as a multichannel optical filter. As compared to frequency combs, the comb-like transmission also has substantial advantages in optical frequency metrology[@b19], broadband gas sensing[@b20], and molecular fingerprinting[@b21]. Since the transmission peaks are located in the band gap of the DBR, a small peak separation in the comb-like transmission is required. As a result, the cavity layer thickness must be much larger than the photon wavelength. We propose an approach to avoid this requirement. In particular, we achieve a comb-like transmission spectrum in the DBR band gap that is appropriate for optical filters and polarizers with ultra-narrow transmission bands. Also, the transmission combs are robust against randomness in the heights of the DBR layers, which is a key advantage.

Results
=======

We consider an optical structure consisting of a DBR with two identical dielectric gratings on top and bottom, as shown in [Fig. 1(a)](#f1){ref-type="fig"}. We refer to this sandwich structure as G/DBR/G and to the DBR with only one surface dielectric grating as G/DBR. In the G/DBR/G there is no cavity layer similar to that contained in the Fabry-Pérot cavity[@b18]. The G/DBR/G allows us to achieve a multichannel optical filter, simultaneously with a size reduction. Grating geometries have been applied in many kinds of optical structures to enhance or change the device properties[@b2][@b15][@b16][@b22][@b23][@b24]. In the present work, the two gratings are introduced to adjust the transmission spectrum in the DBR band gap centered at wavelength  nm. The DBR consists of GaAs and AlAs layers with heights of and and refractive indices of and [@b25], respectively. We assume that the DBR has layers of GaAs and layers of AlAs, totalling to layers for the structure in [Fig. 1(a)](#f1){ref-type="fig"}. We also assume that the GaAs gratings on top and bottom coincide in the horizontal direction and have the same height , width , period , and thus duty cycle . Without loss of generality, the medium above and below the DBR is set to be air with refractive index . The proposed structure could be fabricated by routine etching of the bottom grating on the substrate, then depositing the DBR, and finally etching the top grating.

The period of the GaAs gratings is set to 300 nm to match the DBR band gap, which implies that the reciprocal lattice vector is about 20 . For wavelengths between 860 nm and 940 nm there are only three modes for that is real. Only these , 0, order diffraction waves can exist in the DBR, see [Fig. 1(b)](#f1){ref-type="fig"}. Therefore, the electromagnetic wave can be expanded as

where represents the component of the electric field for the transversal electric (TE) mode or magnetic field for the transversal magnetic (TM) mode, see the coordinate system in [Fig. 1(b)](#f1){ref-type="fig"}, and the and -components are zero. For the th layer, the coupled equations for can be written as[@b2]

where . The matrix is given by

for the TE mode and

for the TM mode. Here, and represents the th order Fourier component of the th layer permittivity and , respectively. is the duty cycle of the th layer, and equals for the grating layers and 1 otherwise. With the help of , one can find the transfer matrix, , of for the th layer. The derivation is similar to the method developed in ref. [@b2]. Using , we obtain the total transfer matrix as

and then the transmissivity and reflectivity .

[Figure 2(a,b)](#f2){ref-type="fig"} show the transmission spectra of the TE and TM waves. The black lines refer to the common DBR with a band gap between 860 nm and 940 nm. When the top surface grating is added, asymmetric line shapes appear (red lines), which can be explained in the Fano picture[@b2][@b22]. When the incident light is normal to the surface \[see [Fig. 1(b)](#f1){ref-type="fig"}\], the grating-induced optical Bloch states at the point (where the transverse wave vector is zero) are discrete. In the present structure, they appear in the DBR band gap and play the role of the discrete level in the Fano resonance. Hence, the asymmetric Fano line shapes \[red lines in [Fig. 2(a,b)](#f2){ref-type="fig"}\] are the result of the coupling between the continuous transmission mode of the DBR and the discrete grating-induced Bloch levels at the point. The effects of the Fano resonances depend on the transmissivity of the incident waves, being weaker in the DBR band gap owing to the low transmissivity. However, when another surface grating is added on the bottom of the DBR, almost symmetric resonant transmission peaks appear at the positions of the previous Fano resonances with peak transmissivities of 100% \[blue lines in [Fig. 2(a,b)](#f2){ref-type="fig"}\]. We attribute this to the fact that the bottom grating also generates Fano resonances that are coherent with those generated by the top grating. These two Fano resonances interfere to form comb-like transmissions in the DBR band gap, that is, the transmission comb. When the incident light is not normal to the surface, the peaks in the transmission comb split, because the components of the wave vector along direction are different for *μ* = −1, 0, +1.

Because the comb-like shape is clearer in the DBR band gap, we will consider the transmission comb in the range from 860 nm to 940 nm. To this aim, we introduce the average full width at half maximum (FWHM), , of the comb peaks and the average free spectral range, , defined as the wavelength separation between adjacent transmission peaks. [Figure 2(c,d)](#f2){ref-type="fig"} show as a function of the grating height and duty cycle . We can see that is different for the TE and TM waves due to the different TE and TM band structures of the DBR and is very small for both cases when and are small. Hence, the G/DBR/G structure provides a way to design multichannel optical filters with ultra narrow peaks. Considering the experimental conditions, we set *f*~*g*~ = 0.5 and  nm in the following calculations, where accounts to a few tenths of nanometer.

The grating height and duty cycle do not affect the positions of the transmission peaks, which are determined by the grating period . For both the TE and TM waves the transmission comb shifts towards the long wavelength side (red shift) with increasing , displayed by the dashed arrows in [Fig. 3](#f3){ref-type="fig"}, since the horizontal wave vectors of the order modes () decrease. When the increment is far less than , the redshifts are linear in for both the TE and TM waves,

where ( TE or TM) denotes the increment of the transmission comb position. The fitting parameter equals 2.25 and 2.34 for the TE and TM wave, respectively. [Equation (6)](#eq69){ref-type="disp-formula"} indicates that the work region of the transmission comb can be controlled by adjusting the grating period.

The transmission comb also strongly depends on the number of cells of the DBR, . According to [Fig. 4(a,b)](#f4){ref-type="fig"}, the transmission peaks become denser and narrower when increases, corresponding to a decrease of and . For the widely studied semiconductor microcavities[@b17][@b18], and are mainly determined by the DBR reflectivity and the cavity thickness. Thus, it is impossible to decrease the two quantities simultaneously by increasing . The DBR in the G/DBR/G structure fulfills the roles of the cavity layer and the two DBR mirrors in a semiconductor microcavity, with the help of the two surface gratings. Because the grating thickness (tens of nanometers) is small when the G/DBR/G and semiconductor microcavity have comparable and , the height of the G/DBR/G is only about one third of that of the semiconductor microcavity[@b17][@b18]. For example, the total height of the G/DBR/G with is 6.7 m, while that of the corresponding semiconductor microcavity is 20.8 m.

[Figure 4(c,d)](#f4){ref-type="fig"} show that and decrease with increasing . Since is almost the same for the TE and TM waves and measures the number density of the transmission peaks, the two transmission combs have a similar density, compare [Fig. 4(a)](#f4){ref-type="fig"} with [Fig. 4(b)](#f4){ref-type="fig"}. However, the average FWHM of the TM spectrum is about half of that of the TE spectrum, both being less than 1 nm \[see [Fig. 4(d)](#f4){ref-type="fig"}\] for the parameters ( nm and ) used in the calculation. The variation of the ratio with is plotted in [Fig. 4(e)](#f4){ref-type="fig"}. For the TE and TM waves, we obtain values of 0.04 and 0.02, respectively. Importantly, these two ratios hardly vary with , which indicates that it is practical to use the G/DBR/G to design a transmission comb with a certain peak number density by controlling the number of cells of the DBR, constituting a promising candidate for the ultra-narrow-band multichannel optical filters for both TE and TM waves.

Comparing the transmission combs of the TE and TM waves shows that the transmission peaks do not coincide, which means that the G/DBR/G gives rise to a transmission polarization,

where and represent the transmissivities of the TE and TM waves, respectively. The polarization is represented by the line colour in [Fig. 5](#f5){ref-type="fig"} where we plot . In certain regions the transmission peaks of the TE and TM waves are fully separated from each other, for examples in the wavebands  nm in [Fig. 5(a)](#f5){ref-type="fig"},  nm in [Fig. 5(b)](#f5){ref-type="fig"}, and  nm in [Fig. 5(d)](#f5){ref-type="fig"}. By [Eq. (6)](#eq69){ref-type="disp-formula"}, these polarized wavebands can be shifted by controlling the grating period and therefore the G/DBR/G can serve as a multichannel polarizer.

We next show that the transmission combs depend very weakly on randomness in the heights of the DBR layers. We define

for the GaAs and AlAs layers, respectively, with being a uniform random number in . The results in [Fig. 6](#f6){ref-type="fig"} indicate that the transmission spectra maintain their comb-like forms at least up to . This weak dependence on the defects should make it possible to achieve the G/DBR/G experimentally. A relative shift between the positions of the top and bottom gratings will introduce an extra phase in the diffraction wave, which is small as long as the shift is small with respect to .

Discussion
==========

By using two surface gratings we have achieved a transmission comb in the DBR band gap for TE and TM incident waves. The average FWHM of the transmission peaks in the comb is narrower than 1 nm and can go down to 0.1 nm. The total height of the proposed structure is only about one third of that of the widely used semiconductor microcavity for a similar comb-like transmission. The transmission of the proposed structure is fully polarized at the TE and TM transmission peaks. In addition, for both TE and TM waves the comb-like transmission is robust against randomness in the heights of the DBR layers (at least up to 15% randomness). As a result, the proposed structure is a promising candidate for ultra-narrow-band multichannel filters and polarizers.
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![(**a**) Schematic illustration of a DBR with identical GaAs gratings on top and bottom, referred to as G/DBR/G. (**b**) Geometry of the diffraction waves that can exist in the G/DBR/G.](srep21125-f1){#f1}

![Transmission spectra of the (**a**) TE wave and (**b**) TM wave for the DBR, G/DBR, and G/DBR/G. The vertical axises in (**a**,**b**) are separated into logarithmic and linear regions. In (**c**,**d**) the variation of the average FWHM with the grating height and duty cycle are shown, respectively. The parameters used are  nm, ,  nm, and *f*~*g*~ = 0.5.](srep21125-f2){#f2}

![Transmission spectra of the (**a**) TE wave and (**b**) TM wave for several grating periods. For easy observation, the lines are offset in steps of 1. The dashed arrows in (**a**,**b**) show the shift direction for increasing grating period ( nm, *f*~*g*~ = 0.5, and ).](srep21125-f3){#f3}

![Transmission spectra of the (**a**) TE wave and (**b**) TM wave for several numbers of cells. In (**c**,**d**) the variations of the average free spectral range and FWHM are shown, respectively, and their ratio is plotted in (**e**). For easy observation, the lines in panels (**a**,**b**) are offset in steps of 1 ( nm, *f*~*g*~ = 0.5, and  nm).](srep21125-f4){#f4}

![Variation of the sum *T*~TE~ + *T*~TM~ with the wavelength of the incident beam for different numbers of cells.\
The line colour represents the transmission polarization ( nm, *f*~*g*~ = 0.5, and  nm).](srep21125-f5){#f5}

![Transmission spectra of the (**a**) TE wave and (**b**) TM wave for randomness in the heights of the DBR layers, given by the parameter . For easy observation, the lines are offset in steps of 1 ( nm, *f*~*g*~ = 0.5, , and  nm).](srep21125-f6){#f6}
